Abstract-In this note we propose a robust tracking controller for robots that requires only position measurements. The controller consists of two parts: a linear observer part that generates an estimated error state from the error on the joint position and a linear feedback part that utilizes this estimated state. It is shown that this computationally efficient controller yields semi-global uniform ultimate boundedness of the tracking error. An interesting feature of the controller is that it straightforwardly extends recent results on robust control of robots by linear state feedback to linear estimated-state feedback.
PD controller yields uniform ultimate boundedness (also known as practical stability) of the tracking errors; that is the error state tends in finite time to a bounded region around zero. An interesting feature of this stability result is that the authors can provide a relationship between the bound on the tracking errors and the PD feedback gains, for any initial condition. Moreover, it is demonstrated that the ultimate error bound can be made arbitrarily small by increasing the controller gains.
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however, this requirement is generally not fulfilled; although in robotic applications today high-precision sensors are used to obtain position information, velocity sensoring equipment is frequently omitted due to the savings in cost, volume, and weight that can be obtained [9] . For these reasons, a number of model-based robot control methods have been proposed recently that evade the velocity measurement problem by integrating a velocity observer in the control loop (e.g., [3] , [4] , [ll] ). These methods require exact knowledge of the nonlinear robot dynamics, which, in practice is generally not available. Motivated by this, Canudas de Wit and Fixot [5] have addressed the robust tracking control problem of robots using only position feedback. These authors combine a nonlinear switching type control method with a sliding mode velocity observer to face bounded uncertainties in the robot dynamics.
In this paper we present a novel approach to the robust control problem stated above. This approach originates from a strategy for combined controller-observer design for robots that we recently proposed in [3] ; see also [2] . The rationale underlying this strategy is to extend in a natural way the passivity methodology to statefeedback robot control (cf. 1121 and references therein) to the case that only joint position measurements are present. This allows us to develop a controller that consists of two parts: 1) a linear observer that generates an estimated error state from the position error 2) a linear feedback controller that employs the estimate of the error state. By using stability analysis techniques that are similar to the ones in 1131, it is proved that this linear estimated-state feedback controller provides uniform ultimate boundedness of the closed-loop error dynamics. As in [13] , we given an explicit relation between the bound on the error state and the controller and observer feedback gains. This, together with the fact that the linear estimated-state feedback controller is easily implementable and needs only position information, makes the proposed controller particularly interesting from a practical point of view. This paper is organized as follows. In Section I1 some mathematical preliminaries are given that support the stability analysis in the following sections. The proposed robot controller is introduced in Section 111, together with its stability properties. Section IV contains a discussion of some characteristics of the novel control approach, and finally we give conclusions. Standard notation is used. In particular, vector norms are Euclidean, and for matrices the induced norm
is employed, with A, , , (. ) the maximum eigenvalue. Moreover, for any positive definite matrix A ( T ) and for all T we denote by A , and A n 1 the minimum and maximum eigenvalue of A( x), respectively.
MATHEMATICAL PRELIMINARIES
This section presents a stability result that plays a central role in the sequel. This result is a modified version of a theorem by Chen and Leitmann [6] (see also [13] ), which basically states that a system is uniformly ultimately bounded if it has a Lyapunov function whose time-derivative is negative definite in an annulus of a certain width around the origin. For the sake of brevity, the proof is omitted. The following lemma is useful for the stability analysis.
Lemma I : Consider the function g ( . ) : R + R 
(3a) feedback only, consider the linear output-feedback robot control system (see Fig. I ) 
and R = 6-lrl.
LINEAR ESTIMATED STATE-FEEDBACK CONTROLLER
The general equations describing the dynamics of an degreesof-freedom rigid robot manipulator are given by [ 141 In addition, we require the following assumptions.
Assumption 2: The desired trajectory signals & ( t ) and & ( f )
are bounded by VM and AM respectively, i.e., Then our main result can be formulated as the following theorem.
Theorem 1: Consider the linear output-feedback robot controller (8) in closed loop with (6). Define x ( t ) T = [t'(t)T ( X P (~) )~ &t)T ( X q ( t ) ) T ] ,
where e = q -q d , 4 q -q, and assume that l l s o l l represents an upper bound on the initial error state ~( 0 ) . Under the conditions 12 = (1 + V 5 r u ( I 2c) ( 1 2 4
Along the error dynamics (1 4), the time-derivative of (1 8) becomes
with and F and 7 are positive constants that satisfy
the closed-loop system is uniformly ultimately bounded, with where T ( . ) defined in (5). In the limiting case that E -+ 0. and consequently ; + x and l d -+ x. the closed-loop system is asymptotically stable.
Proof: The closed-loop error dynamics (6) , ( 
IV. DISCUSSION
1) The basic improvement of the result in Theorem 1 in comparison with [13] is that the need of velocity feedback can be eliminated by a simple linear observer system, without affecting the stability properties of the closed loop. This is achieved despite the fact that the conditions on the controller gains remain essentially the same. An obvious additional constraint here is that l d , the observer derivative gain, is required to be sufficiently large in order to guarantee uniform ultimate boundedness. Determine 6 and p in (12d) and (12e) respectively.
Choose -, and I d . under the conditions (1 lb) and (1 IC) respectively.
----These steps can be used as guidelines for the actual implementation of the control system (8) . In this respect it should be emphasized that (13) provides a relation between the ultimate upper bound on the error state and the feedback gains. This relation can appropriately be used to guarantee a prespecified ultimate tracking performance. In practice, however, the tracking accuracy is likely to be better because the bound (13) is generally very conservative (cf. [2] ).
4)
Even without knowledge of the bounds in (7) [3] ) show that the linear observer outperforms the rather ad-hoc numerical position differentiation algorithm which also can be employed to generate a velocity estimate [9] . This improvement is achieved despite the fact that the additional computations for the linear observer are basically negligible.
V. CONCLUSIONS
In the present paper we propose a robust motion control scheme for robots that requires only position measurements. The control scheme consists of a linear feedback controller, which utilizes an estimate of the error state obtained from a simple second-order linear observer. The resulting closed-loop system was proved to possess the practically meaningful uniform ultimate boundedness stability property. Also an explicit relation between the bound on the error state and the design parameters of the control system was given, which can be used to guarantee the desired tracking accuracy. Finally, a constructive design procedure was provided that eases the implementation of the controller. 
